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???????????????? h???  = v + h???????????????
???????
V (v + h) =  
2
2



















3v2   2 =
p
2v ; (1.4)
hhh  6 ; (1.5)
hhhh  6 ; (1.6)









Collider; LHC?????????? [5, 6]?????????????????????
????????????? v???mh????? v ' 246 GeV?mh ' 125 GeV??





































































































































































(~SB  ~SB)2 : (2.1)
???LSM??????????????????????????????????
????
LSM   VSM = ((B)H )2HByHB   SM(B)H (HByHB)2 ; (B)H > 0; SM(B)H > 0 (2.2)
??????????????? \B"?????? \(B)"??????????????
?????????????????H = (H+; H0)T? SU(2)L????????? 2
????????????~S  (S1;    ; SN )T ?????????? 1???????
O(N)?????????????????~S ????? S ????????????









  2(H + H)(HyH)2   2(HS + HS)(HyH)(~S  ~S)
  2 1
4
(S + S)(~S  ~S)2 : (2.3)
???H?HS?S???????????????????????counterterm??
ZH?ZS?????H?~S?????????????wave-function renormalisation???
???????????????d = 4 2?????????dimensional regularisation?
??????????????????????renormalisation scale?????
?????H ? 1??????? ~S??????????????????????
????????????????????? hi?h'i??????????????















~S = (h'i+ s1; s2;    ; sN )T (2.5)
????????? h'i??????????s1???? 1?????????????
??????????????????s2;    ; sN ???????????? h'i 6= 0?
??? O(N)?????????????????? NG??????????h'i = 0
????NG??????????s1???????????????????????




??????????? (; ')?????????????????????? CSI?























































; h~Si = ('; 0;    ; 0)T ; ; ' 2 R : (2.9)
????? i??????????????????vacuum bubble?????????
??????????particle species?????? i?????????? ni?????
???? 2????classical-eld-dependent mass-squared?Mi2(; ')????????
?????????? ci????????????y2 ?
W???: nW = 6 ; MW 2 = 1
4




Z???: nZ = 3 ; MZ2 = 1
4




????????????: n = 1 ; M2 = F ; c = 3
2
;
??????NG???: nNG = 3 ; MNG2 = H2 + HS'2 ; cNG = 3
2
;
1????NG???: nNG = N   1 ; MNG2 = HS2 + S'2 ; cNG = 3
2
;


























































lepton?????????Yukawa coupling?????????????F?F 0?f?f 0???








????????????? (hi ; h'i)?????????????????????
???????????????? 2=2! HyH?'2 ! ~S  ~S????????????
?????????????????? hi? h'i????? h? s1?????????
??????????????????????????????????Taylor-series
expansion?????h? s1???? 2???????????????
Ve(; ') = Ve(hi ; h'i) + 1
2
~hintMint
2~hint +    : (2.12)
????Mint2??????????? ~hint  (h; s1)T???? 2??????????



























cos mix   sin mix
sin mix cos mix
!
; (2.14)








































































































' = 0 : (2.22)
???HS ? S ???????????????????????????????
???
????????LL?????????????V (LL)e ?? improved-NLO?????
? V (imp-NLO)e ????????????????
V
(LL)







































(t) = v et ; (2.25)
(t) = (t) ; (2.26)

































H  HS < 1 (2.29)
???????????????????????????????? CW?????
????????????????????????????????????????
















































 1 : (2.30)
???gZ 
p
g2 + g02?????????? CW?????? [7]?????????
??? QED??????????  e4=(4)2  1???????????????
????????????????????????????????????????




































































i? j???? i  j2=(4)2????
y4 (2.30)????? g?g0 ???????














????????? 1?? 2??????? i  i2=(4)2????????
??????????H  H2=(4)2?HS  HS2=(4)2?????y5?








?????????? k ????????????H2 ?????????
H  H2=(4)2?????????????(k + 1)??????????
??????H ????



















4. (2.32)??? 1?????????? k??????????H ??????
?????????????????????????????????HS






y5????????  HS(HyH)(~S  ~S)?????????????????????????????
???? HS ????????????????????? HS  HS2=(4)2 ???????????
??HS2=(4)2 ????????????? 4?????  H(HyH)2 ???????????????
????????? HSS=(4)2?HHS=(4)2 ??????


































































































































?????? Vtree?V1-loop???????????????(2.34)?? VLO? (2.35)?
? VNLO????????????????
???? VLO?? 2.2?????????LO??????? ??????????
?????????????y7??????LO??????????????????
?????????????????????????????1??????????
?????????? VLO? ' = 0??? '???????????????????
????VLO + VNLO???????? ' = 0??????????????LO???
?????????????????????????????? (H ; HS ; S)???
??????????VLO + VNLO?CW????? ???????????????
???????????NLO??????????????????????????
1???????????????????????????????????????
y7 ?? S ??????? H ??????????????S'4 ??? NLO???????????
???????????????? '??????? VLO ?????????????????????
?????????VLO + VNLO ???????? ????????????????????????
?????????????
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? 2.2: ? '?????????????????? LO??? VLO???? ???????
??????????????????














?????????N ?????????? [8]??????????????N = 1
??????????? [35]??????????????????????? (2.30)?












HS !  HS ; H ! 2 H ; yt ! 1=2 yt ; g ! 1=2 g ; g0 ! 1=2 g0 : (2.37)
???????????????????????????? HS !  HS ?????
????????????H  HS2=(4)2  yt4=(4)2???????? H ! 2 H?
yt ! 1=2 yt??????????????????????????????????
????????????? ??????????????????????????
????????????????
LSM  (1 + ZSMH )(@Hy)(@H)
+ (H
2 + H
2)(HyH)  2(SMH + SMH )(HyH)2 (2.38)
???????????
SMH ! 2 SMH ; H !  H ; (2.39)
????????????y8?
????? ??????????? ?????????????????????
??  = 1???????????????????????????????A?
A() = n(a0 + a1 + a2
2 + : : : ) (2.40)






















??????A??????? SMH  0:13?yt  1????????????????




y8 ??????????  ??????????????????????????????? CSI??

























?????????????????????? S ???? 1???????????
????? ??????????????????????????y10 ??????
??????????????????????????????????S?????
??? HS ???????????????????????????S ???? ?
S ! S (2.42)
????????????y11 ???????????? S ???? ????????
??????????????????????
???????????????????????????????????????
????  ??????????? [10]?????????????????????
?????????????? ?????????????CSI??????????


































































































































+ 4(HS)22'2 : (2.45)
?? (2.10)???????????? 2??????O()????
Mt









2() ! MZ2() =  1
4







 = v???? H ? HS ??????
???????????????????????????????????????
??????  = v = 246 GeV????????? ' = 0?????????????
????? H?HS?S ????????????????????????????
??????????????H ? HS ????????????????
' = 0??????????????????????????????





































































Ve(; ' = 0)

=v
= 0 : (2.50)
??????v? H , HS???????















y13 ?????????? yt ????????????????????????????????
H =   1
162
[ yt
4 (3 + 3 ln 2  6 ln yt) +N HS2(lnHS   1)] (2.52)
?????????????? 2.4???????????????????????
22
? 2.4: ???N ?????????????  = v???????????' = 0??? H ?
HS ????? (2.51)??
N 1 2 3 4 5 12
H(v)  0:11  0:055  0:025  0:0045 0:012 0:075
HS(v) 4:8 3:4 2:8 2:4 2:1 1:4
? 2.2: mh = 126 GeV?v = 246 GeV???????????????? Ve = VLO + VNLO?















?????????????????? (H ; HS ; S)???????????????
2.4??????????????????  ' v??????????H ? HS ??
??????????????????????????????N ?????????
?????????????????mh=v????????????????????
??mh???? 126 GeV?????????H ? HS ?????????????
N ???? H ? HS ???? 2.2???????? (2.30)????????????
??????????????????????????????S ?????????
??? H ? HS ????????
???N = 1?????????????????????????????????
? 2.3?????????????(I) 1???????????????VLO+VNLO?(II)














H(v)  0:11  0:059  0:082
HS(v) 4:8 4:5 4:3
S(v) 0:10 0:10 0:10
hi [GeV] 246
mh[GeV] 126
h'i [GeV] 0 0 0
ms[GeV] 556 527 524
sin mix 0 0 0
Landau pole [TeV] 3:5 4:1 4:7
? 2.3: N = 1?????????????????????????????????????
???????????????? (I) VLO + VNLO?(II) V (LL)e ?(III) V (imp-NLO)e ??????
??????????????? (H ; HS ; S) ?????????????????????
???????????????
??????????? (I)????? H ? HS?????????????S???
?????????????????????????(II)? (III)????? H ? HS
???????????????S ??????????????? S ? (I)?? (III)
???????????????????????????????? 2.3??????





 ' v? HS ??????????????????2.2.4??????????????
?????????? 4???????
??????? S ????????????????? S ???????????
????????????????????????H?HS?S ?????????
(2.18){(2.20)????????????????????????????????? '
???? 4???? LO??????????1???????????? S?????
??????H ? HS ??? S ????????????????S = 0:5? 1:0?
???????????????? 3.2 TeV?2.8 TeV????????1???????
???????????????
?????????????????? 2.3???? (I)?????????? 5? (a)
y14 ????????????????????????????????????????????
24































SM unimproved LL imp-NLO
(a) (b)
? 2.5: (a) ???????? VLO + VNLO ??????????? (I)??????(b) ??
?' = 0?????????????????? (I) VLO + VNLO?(II) V (LL)e ?(III) V (imp-NLO)e ?
????????????????????????????????
???????????  !  ??? ' !  '?????????????????
??? {'????? ; '  0?????????????????????????
?? ??????????????'??????????????????????
???????? S'4??? HS2'4 ln(HS'2=2)???????????? CW?
??????????y15???????? 2.3? (II)? (III)????????????
?????????????
????????? ?????? ' = 0?????????(I)?? (III)?????
????????? 2.5? (b)??????????????????????????
???????????(I)?? (III)???????????????????LL???








???N > 1??????????????????????????N = 1???
???????????????????????????(2.30)???????? HS
????N ????????????? 1=pN ??????????????????
? 2.2????????????????????????? N = 4? N = 12???
????? 2.4???????????????S ? N = 1???????  = v ?




N = 4 N = 12
(I) (II) (III) (I) (II) (III)
H(v)  0:0045  0:061  0:0005 0:075  0:063 0:082
HS(v) 2:4 2:3 2:4 1:4 1:4 1:4
S(v) 0:10 0:10 0:10 0:10 0:10 0:10
h'i [GeV] 0 0 0 0 0 0
ms[GeV] 378 378 375 285 293 286
sin mix 0 0 0 0 0 0
Landau pole [TeV] 16 19 17 28 37 26
? 2.4: N = 4??N = 12??????? CSI??????????????????????
????????????????????????(I) VLO+VNLO?(II) V (LL)e ?(III) V (imp-NLO)e ?
????????????????? (H ; HS ; S)???????????????????
?????????????????
S = 0:10????????????????????????N ??????????
???????????????????????????????????N = 1?
?????????? 2.6????
? 2.3?? 2.4?????????????? (H ; HS ; S)?????????? 2.7
??????????? HS? H ????????????????????????















































SM unimproved LL imp-NLO
(a) (b)
































SM unimproved LL imp-NLO
(c) (d)





? 2.7: ???????????????? HS ? H ?????(a) N = 1, (b) N = 4?(c)
N = 12????????????????????????????????????????














! 2(mG+;tree)2 = 2(mG ;tree)2 = 2(mG0;tree)2 = 2Hv2 ; (2.55)
(mh;tree)
2 = 3Hv
2 ! 2(mh;tree)2 = 2 3Hv2 ; (2.56)
(ms;tree)
2 = HSv
2 ! (ms;tree)2 = HSv2 : (2.57)
????????????????????????????????????????




2 = 0 ; (2.58)
(mSMh;tree)
2 = 2SMH v






???????S ??????? ??????1?????????????y16 ???
????????????????????????? S ?????????????
????????????S ??????????????????????????



































?????????? (H ; HS ; S)??????????2.2.6????????1?
??????????????????????????????????? S ???
????????S ??????????????????????????????








??????????? H2 = SMH v2???????????????? 1??????
????????y18????????????? 2.8????????????????
???????????????????O(2)???????????????










SM :   H
2
v2








2?????NC = 3???? ~A0(m2)???
C??????????????????(2.60)??? = v?????? (2.52)???
????????MS?????????????
?????????????? h(p2)?????????????????????





y18 H2 = SMH v
2 ???????????????????????????????????????






























































???Bi(p2;m2)  Bi(p2;m2;m2)???????????? C??????????
???????????????????? ZHp2?ZSMH p2 ???????????
Bi(p












































p2   ( mSMh;tree)
















































??????????????? 2mh2  mt2; ms2 ??????????????
??? C???????????
(2.68)?????????????????HS ?????????????????
?????  ' 2ms ?????????????????????? mh = 125:03 









N 1 4 12
HS( ' 2ms) 4.82 2.41 1.39
ms [GeV] 541 383 291
? 2.6: CSI??????????????????????????????????????
??????????????????WW ! WW ??????????????3.4???
??????
?????????y19































~S =(h'i+ s1; s2;    ; sN )T
=(s1; s2;    ; sN )T  ~s : (3.1)



















v h~s  ~s+ hhss
4
h2 ~s  ~s+ ssss
4!
(~s  ~s)2 + : : : (3.2)
?????????????? 4?????????????????????????
??????(2.13)?????m  = mh?m+ = ms????????????????
??????????hhh?hhhh???????????? 3??4????????
???hss?hhss???????? 1??????????????????ssss? 1
?????????????????????????N > 1????? 1??????
?? si?N ????? i = 1;    ; N ????????????O(N)????????
???????????????????????? i???????????????
????????????????? 1????????????? \si"?? \i "???
??? \s"???????hsisi ! hss????
?????????????????????? 3.1????????? 2.3?? 2.4?
???????????????N = 1????hhh??????????? 1.7{1.8?
????????? hhhh? 3.7{4.5???????????????????????
????????????????????????????????????????






N = 1 N = 4 N = 12
(I) (II) (III) (I) (II) (III) (I) (II) (III)
hhh=
(SM)
hhh 1:7 1:8 1:8 1:7 1:7 1:7 1:7 1:6 1:7
hhhh=
(SM)
hhhh 3:7 4:3 4:5 3:7 3:2 3:4 3:7 2:8 3:1
hss 11:4 10:2 10:2 5:02 5:02 4:96 2:80 2:95 2:83
hhss 14 13 13 5:6 5:7 5:7 3:0 3:2 3:1
ssss   6:5     1:9     0:9  
? 3.1: (3.2)???????????????????? 2.3??? 2.4???????????
????????????????????????????????????????
????????????????????????????????????????
? HS ' 4:8?? 2.3???????????????????????????????
?????????????????????CSI?????????????????
??????????????????????








? 3.1?????(I)? (III)???? ssss????????????????ssss??




























?????????????????????????????? 3.2?? S = 0:1??
????????????S ???????????????????????????
????????????????????????????????????????




















e e+ ! Zhh? e e+ ! hh????????????????????Higgsstrahlung?
???W??????W -boson fusion??????????????????????
?????????????????e e+ ! Zhh?????????ps = 500 GeV
??e e+ ! hh?ps = 1 TeV????????? [45{51]?
36
N = 1 case hhh hhhh hss hhss ssss
SM prediction 0:78 0:78 none none none
GW's framework 1:3 2:9 2HS = 9:6 2HS = 9:6 6S = 0:6
(I) 1:3 2:9 11:4 13:8 -
our analysis (II) 1:4 3:4 10:2 13:0 6:5
(III) 1:4 3:6 10:2 13:5 -
(a)
N = 4 case hhh hhhh hss hhss ssss
SM prediction 0:78 0:78 none none none
GW's framework 1:3 2:9 2HS = 4:8 2HS = 4:8 6S = 0:6
(I) 1:3 2:9 5:0 5:6 -
our analysis (II) 1:3 2:5 5:0 5:7 1:9
(III) 1:4 2:7 5:0 5:7 -
(b)
N = 12 case hhh hhhh hss hhss ssss
SM prediction 0:78 0:78 none none none
GW's framework 1:3 2:9 2HS = 2:8 2HS = 2:8 6S = 0:6
(I) 1:3 2:9 2:8 3:0 -
our analysis (II) 1:3 2:2 3:0 3:2 0:92
(III) 1:3 2:4 2:8 3:1 -
(c)
? 3.2: N = 1?4?12????? (a)?(b)?(c)??????????????????????
??? GW????????????????
S 0.1 0.3 0.5 1.0 2.0
hss (I) 11.4 11.5 11.5 11.7 11.9
hss (II) 10.2 10.2 10.3 10.3 10.4
hss (III) 10.2 10.3 10.3 10.4 10.4
ssss (II) 6.53 7.91 9.32 12.8 19.7






tot = S + B + I : (3.3)
????????????????????????? [51]?????????????
CSI????????????????????CSI????????????????
?????????????????   hhh=(SM)hhh ????????????????
?????? 2???????? ???????????????????????
??? S?????? I?????
S / hhh2 ; (3.4)





















??? 3.1??????????????  = hhh=(SM)hhh = 1:7??????
3.2.1 e e+ ! Zhh
e e+ ! Zhh ???????????????????????????????
3.1?? 3.2?????????????? [51]?????????????????
????????????????????????????????????????
e e+ ! Zhh? ILC?????????????????????????????
?beam polarisation????????????????? P (e ; e+) = ( 0:8;+0:3)??
?????y2?
???????? 125 GeV??????????????????????? (3.6){
(3.9)?????????????? 3.3?????????????????????




























? 3.2: e e+ ! Zhh???????????????????????????????







??mh = 120 GeV?
p
s = 500 GeV? e e+ ! Zhh????????? 5-?????
= = 0:27????????????????????? 2 ab 1?????????
?????????CSI?????? 5-?????????????????????
??????????????? 510 fb 1????????????? [45,47]????
????????????????????????????????????????
????? 510 fb 1?ps = 500 GeV??????? 1??????????????
???
3.2.2 e e+ ! hh
e e+ ! hh???????????????????????? 3.4?? 3.5???
?????????????? [51]???????????????????????
????????????????????????????????????????
???????????? P (e ; e+) = ( 0:8;+0:2)????????????????
??e e+ ! Zhh????????ps = 500 GeV?????????????????
????????????????CSI???????ps = 1000 GeV???????
? 17 %??? 0.122 fb????
?????????????????????????????????? [49]???
??mh = 120 GeV?
p
s = 1000 GeV? e e+ ! hh????????? 5-????
?= = 0:23????????????????????? 2 ab 1????????
?????????CSI?????? 5-?????????????????????
??????????? 4:36 ab 1??????????? [45, 47]?????????
????????????????ps = 1000 GeV????????????????
????????????????? 4:36 ab 1??????????????????
3.2.1????????ps = 500 GeV?? e e+ ! Zhh??CSI?????? 5-??
y2 ?? [52]???????????????????????????????????????
(P (e ; e+))  1
4
f(1  P (e ))(1 + P (e+))LR + (1  P (e ))(1  P (e+))LL
+ (1 + P (e ))(1 + P (e+))RR + (1 + P (e
 ))(1  P (e+))RLg : (3.10)
???P (e)?








??????????P (e ; e+) = (P (e ); P (e+))??????LR ?????????????????
???????????????????????LL?RR?RL ?????????????????
???? e e+ ! Zhh? e e+ ! hh??????????? LL = RR = 0???????????
????????? (3.10)????????
(P (e ; e+))  1
4





























? 3.5: e e+ ! hh???????????????????????????????
????????????????
3.3 ???1??????????????
















y4 ???????????????? 300{600 GeV????????????? 2.3?2.4?????
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?????????i = (1  4ms2=s)1=2?f(s;m2) = (1  4m2=s)1=2?????????
?????????????????????~? t????????????????
~ = hhss +
hhhhssv
2











?????????????????????????? 1=ms2 ??????????mf 2=ms4 ????
?????????????mf ??????? f ???????
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 + bb tt W+W 
hsisi!XXvi N = 1 2:56 10 2 5:28 10 1 5:80 102 4:85 103
[10 26cm2=s] N = 4 2:39 10 2 4:93 10 1 4:53 102 2:02 103
N = 12 2:40 10 2 4:96 10 1 3:38 102 1:10 103




?????????? si ?????????density parameter?
si ???????
???????? [53]???????????????????????? 3.7????
????3.1?????????N > 1???????? O(N)??????? N ??
???????? s1,    , sN ??????????????????????????
??
si ??????????? i?????????????? 
s1 =    = 
sN ??
????????????????????????????????????????
??????? \si"??? \s"????????????????????N ????







???? xsf  ms=Tsf?????????? 1???????????? ns0?????












independent cross section??????????????????????? 1????
???? si???N ??????????????????????????????
???????????????????????? Large Underground Xenon?LUX?







N = 1 N = 4 N = 12
xsf  ms=Tsf 31.5 30.3 29.4
Ys1 1.58 5.23 1.23
N  Ys1 1.58 20.9 148
[10 16]
ns0 0.457 1.51 3.56
N  ns0 0.457 6.05 42.7
[10 12cm 3]
s0 = msns0 0.254 0.572 1.01
N  s0 0.254 2.29 12.2
[10 9GeV  cm 3]

s0 5:32 10 5 1:20 10 4 2:13 10 4
N  
s0 5:32 10 5 4:79 10 4 2:55 10 3

s0h
2 2:41 10 5 5:43 10 5 9:63 10 5
N  
s0h2 2:41 10 5 2:17 10 4 1:16 10 3

s0=
DM 2:01 10 4 4:52 10 4 8:02 10 4
N  
s0=
DM 2:01 10 4 1:81 10 3 9:63 10 3













OqS = mq(~s  ~s )qq ; OgS =
S






































? 3.8: 1???????? si ??? N ?????????????????????????

















??????????????????hadronic matrix element?hN jmq(~s  ~s )qqjNi?
hN jS (~s~s )GaGa jNi?N = p; n???????????QCD????????? [60,61]
?QCD??????????QCD trace anomaly?[62] y6 ????


















??????????????N ????mN?????mass fraction?? f (N)Tq ????
????????? f (p)Tu = 0:019(5), f
(p)
Td
= 0:027(6)?f (p)Ts = 0:009(22)????????
?????? [63]?????? [60,61]?????????????s? m?????



















jf (N)S j2 : (3.24)

































y6 ??????????????????  ???? = (S)4S G
a
G
a + (1  m)
P
qmq qq ??
?????????????? jNi???????mN = hN jjNi????????? (3.23)????
???????
46
N 1 4 12
f
(p)
S jest [10 5GeV 1] 9.07 3.99 2.23
f
(p)
S jLO [10 5GeV 1] 10.2 4.49 2.50
f
(p)
S jNLO [10 5GeV 1] 9.77 4.30 2.40
? 3.6: 1????????????????????f (p)S jest? (3.26)??????????f (p)S jLO




? [59]??? S? LO?? NLO????????????????????????
????????????? 3.6????
? 3.6???????? (3.24)????????????????? (N)SI ??????
?????????????CSI??????????????????????? (N)SI





























DM = 0:264 [54]????
?????????????????????? 3.7??????????????
?? 3.9??? [9]?? 3.7?? NLO??????????? 3.9??????????
???????????????????????????????????????
LUX WIMP-search (WS) 2013?????? [55]?WS 2013???????? [56]?WS
2014{16??? [57]?????????????? 90 %???????????????
??????????????????WS 2013+2014{16?[57]???????????
\LUX (combined)"???????????????????????????????




?????????? CSI????????????N = 12? LUX WS 2013????
N = 4? LUX WS 2014{16?? PandaX-II 2016??????????????????












 46 cm2] 6.77 25.6 74.5
? 3.7: 1???????????????????????????????????????





????Fermi Gamma-ray Space Telescope?? Large Area Telescope?LAT?????
?????Fermi-LAT???[65]????? CSI??????????????











































????????? 3.8???????? 3.10???????????? Fermi-LAT?
????????????? dSphes???????????????????????
??????????????????????????? [66]???????????







??????????????????? LUX WS 2013?????? [55]??????????
???? [56]?????? LUX WS 2014{16??? [57]??????????????????
? [57]?????????????????? PandaX{II 2016??? [58]??????
h~totsisi!W+W vi????? 3.8????h~totsisi!XXvi??????W+W ?? tt???















nal state XX  + bb tt W+W 
hsisi!XXvi N = 1 2:56 10 2 5:28 10 1 5:80 102 4:85 103
[10 26cm3=s] N = 4 2:39 10 2 4:93 10 1 4:53 102 2:02 103
N = 12 2:40 10 2 4:96 10 1 3:38 102 1:10 103
h~totsisi!XXvi N = 1 1:48 10 8 3:06 10 7 3:36 10 4 2:81 10 3
[10 26cm3=s] N = 4 2:83 10 7 5:84 10 6 5:36 10 3 2:39 10 2
N = 12 2:70 10 6 5:56 10 5 3:79 10 2 1:23 10 1
? 3.8: ???????????????????????????????????????
htotsisi!XXvi?h~totsisi!XXvi?
? 3.10: 1??????????????????????????????????? h~totsisi!XXi
?????Fermi-LAT??????? [65, 66]???? dSphes???????????????
?????????????? [65]????????????????????? [66]?????
???????????????????????? + ???? bb???? tt????W+W 
????????????????????????????????????N = 1?4?12?
???????????????????????????????????? h~totsisi!W+W vi




















? 3.11: W+W  !W+W  ??????????????????????????????
?????????TeV?????????????????????????equivalence
theorem?[67{69]???????????????3.4.3???
3.4.1 W+W  ! W+W ?????
???W+W  ! W+W  ??????????????????????????
????????? 3.11???????????(i) W ??? 4??????????









L !W+L W L ?????????????????????????? [67{69]?









W+W  ! W+W  ???? CSI???????????????????????
??? (iii) ????????W+W  ! W+W  ??????? AW+W !W+W  ??
y7 ?????????WL ???????? (EW =mW )4 ?????????mW ?W????????
????????mt4 ??????????????????? mt4=EW 4 ?????????????
??(iv)????????  g4  (EW =mW )4 mt4=EW 4  yt4 ???????????????????




CSI : ACSIW+W !W+W  = AquartW+W  +A
=Z
W+W  +AhW+W  +AtW+W  ;
SM : ASMW+W !W+W  = AquartW+W  +A
=Z













??Mandelstam variable?? s = (p1 + p2)2?t = (p1   k1)2 ????????????
???????????????????????????????
CSI : AhW+W  =  g2mW 2
1
s  h(s) (p1)  
(p2) (k1)  (k2)
  g2mW 2 1
t  h(t) (p1)  
(p2) (k1)  (k2) ; (3.30)
SM : Ah;SM
W+W  =  g2mW 2
1
s  (mSMh;tree)2   SMh (s)
(p1)  (p2) (k1)  (k2)
  g2mW 2 1
t  (mSMh;tree)2   SMh (t)
(p1)  (p2) (k1)  (k2) : (3.31)
???g ? SU(2)L ?????????????mW ?W?????????????
(pi)?(ki)?W??????????????????????polarisation vector?
????
















































???W+L W L !W+L W L ??????????????????????????NG
?????????????????????????????????? s; jtj  mW 2
????W???????????????????????????????????
?????????????????????????????






L(p1)  L(k1) = L(p2)  L(k2) =

















































???NG?????G+G  ! G+G ??????? (E.10)????????????
????????????


































? 3.12: W+W+ !W+W+ ??????????????????????????????
???????????????????
CSI : AhW+W+ =  g2mW 2
1
t  h(t) (p1)  
(k1) (p2)  (k2)
  g2mW 2 1
u  h(u) (p1)  
(k2) (p2)  (k1) ; (3.37)
SM : Ah;SM
W+W+
=  g2mW 2 1
t  (mSMh;tree)2   SMh (t)
(p1)  (k1) (p2)  (k2)
  g2mW 2 1
u  (mSMh;tree)2   SMh (u)
(p1)  (k2) (p2)  (k1) (3.38)
?????????????????????????W+(p1)W+(p2)!W+(k1)W+(k2)
?????????????????????? u = (p1   k2)2???????????
?????????????????????????
???????? jtj; juj  mW 2???????????????
L(p1)  L(k2) = L(p2)  L(k1) =


























































????????????????? 10 %????1??????????? LO???
????????????????????????????????????????
?????????????





















AW+LW+L!W+LW+L 2 : (3.42)
???????????????centre-of-mass frame?????????W+???
??W+ ????????????????????????? s?t???  ???
cos  = 2t
s2
+ 1?????????????????????????????????
???????????????? (a) ????????????????(b) ????
?? ??? LO????(c) CSI???? ??? LO????(3.41)?(3.42)????
? (a){(c)???????????????




(b) : ASM = Aquart +A=Z +Ah;SM ; (3.44)





(a) : SM,treeh =
1
p2  mh2 ; (3.46)
(b) : SMh =
1
p2  mh2   t;logh (p2)
; (3.47)
(c) : CSIh =
1
p2  mh2   t;logh (p2) h(p2)
; (3.48)
y8 ?????????mh = 100 GeV????????? [70]???????????????????
??????Born level????WLWL ??????????????????????????????
???????????????????ps = 200 GeV?? cos ?????ps = 1?? 5 TeV????

































































































?????????????N = 1????????W+L W L ?? 3.13??W+L W+L ?
??? 3.15????????????????????????
mW = 80:385 GeV ;
mZ = 91:1876 GeV ;
mh = 125:03 GeV ;
mt = 173:34 GeV ;
g = 0:65178 (3.53)
????????????????????????????????????????
?????













y9 ???????? At;SM????????????????yt4 ?????????????????
??????????????? At;SM ??????????(3.51)??? (3.52)???????????
?\const."?????? 4?????
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? 3.13: W+LW L !W+LW L ????????????N = 1?????????
p
s = 0:2 TeV?




???????????y10?HS?ms?? 2.6???????????W+L W L ????
3.13????????????????????????????????ps & 1 TeV
?????????????????????????(3.32)?????????????
???????????????????????????????? cos  = 0:5???p






y11 t??????????????????????????????????????? cos  ! 1?
???????????????????????? (3.51)????? 1=t / 1=(1  cos )???????
???????????????????? gZ2 ?????CSI??????????????? (3.35)?
57
? 3.14: W+LW L ??????????????????????? CSI???????? cos 
??????????????????????????? ps = 0:2 TeV?????? 1 TeV?
????? 2 TeV??????????
??????????????????????????????ps = 1 TeV?? CSI
?????????????????? cos  = 0:8 (0:9)? 29% (13%) ????????
????????????????????????????????????????
??? CSI????????????????? 3.14????








??????????????????????????????cos  & 0:4?????
????????????????????
N ??????????1???????????????????????????
??pNHS ???N ??????????? 1?????????????????
???????????????????????????????1????????
????????????????????????????????????????
???????????N = 4??????cos  = 0:5???ps = 1 (2) TeV????









? 3.15: W+LW+L !W+LW+L ????????????N = 1?????????
p
s = 0:2 TeV?





? 3.16: W+LW+L ??????????????????????? CSI???????? cos 
??????????????????????????? ps = 0:2 TeV?????? 1 TeV?
????? 2 TeV??????????
???????????W+L W L ???????????????W+T W T ??????
??W+L W+L ??????????????????? [71]???????????W+L W+L
?????????  !    ???????????????????????t??
???? u???????????????????????????????????
???????? cos  ! 1???????????????????CSI?????
??????????????????? cos   0?????????????????
????????????????????????cos  = 0????? CSI????
???ps = 1 (2) TeV? 24%?87%???????????????????????
?????????cos  = 0:8????ps = 1 (2) TeV?? 9%?25%??cos  = 0:9
???? 5%?12%?????W+W  ??????????????????????p





?????W+L W L ????????????????? 1?????????????
?????????????????????N = 4?????N = 1???????
cos ?ps?????? 1.2??? 2?????????
???????????????????????ps????? ????? 3.9?





L scattering (cos  = 0:5)p
s [TeV] 0:2 1 2
ACSI 0:722 0:729  0:105i 0:415 + 0:661i
ASM 0:717 0:471  0:109i 0:553  0:114i
ASMtree 0:724 0:393 0:379
W+L W
+
L scattering (cos  = 0)p
s [TeV] 0:2 1 2
ACSI  0:487  1:35  1:57
ASM  0:486  1:21  1:15
ASMtree  0:487  1:30  1:33
? 3.9: N = 1??????? (3.43)??(3.44)??(3.45)??????????????cos  = 0:5













































































































































































































































0@ 9g2(v)4 + 3g02(v)4   6yt2(v) + 6H(v) +NHS(v) 0
0 [4HS(v) + (N + 2)S(v)]1NN
1A :
(4.4)
?????? h? 1???????? ~s??????????????????????
???1NN ?N  N ??????1??????????????????????
??????????????????? 2?????????N = 1, 4, 12?????







  6yt2(v) + 6H(v) +NHS(v) =
8><>:
0:76 for N = 1 ;
5:6 for N = 4 ;











(b)?????(c)?????????N = 1?4?12?????? 2.7????????????


















???????????????? 1?????????????????NS = N=2?
?????????????O(N)-CSI??????????y3???????????







????????????NS = 10?N = 20?????????????? SU(10)??
10???? 10??????Nf = 54??????????????????????
 = ms ' 440=(N=2)1=4 ' 250 GeV???? H ' 0:1?HS ' 1:1?hs ' 2:2??S = 0?













































y3 ?? [32]????????? (h; hs s)???? [8{10]??? (H ; HS S)??????h = H?



















N = 4?g4(v) = 2:5??????????????? 2.4 (II)????????????




??????????N = 4?Nf = 0???
p
s & 20 TeV?Nf = 5???
p













y4 ???N = 2??????????????? g4 ???????????????????????





































??v??????????mh???????????????????? (H ; HS ; S)





2  1:7N 1=2 ?????????????????????????
????????????????????????????????????????
????????????????????????????????????????



























????????? 1????????????????? hss?hhss??N ?????











??ps = 500 GeV?? e e+ ! Zhh????ps = 1 TeV?? e e+ ! hh????
?????????????????????3.1??????????????????
?????????????????e e+ ! Zhh? 44 %???e e+ ! hh? 17 %?
????????????CSI?????? 5-??????????????????















???N = 1?????? 6:810 46 cm2????N ????????????????
?????????????????????? LUX???? PandaX-II??????





















????????W+L W L ??????????????? cos  ! 1????????
????????????????N = 1?ps = 1 TeV??? cos  = 0:8? 29 %???
cos  = 0:9? 13 %????cos  ! 0???????????????????W+L W+L
?????cos  ' 1??????????????????????????????
???N = 1?ps = 1 TeV??? cos  = 0:8? 25 %???cos  = 0:9? 12 %??




























??N = 1?????????????????????????N > 1??????
???????????????
????????????????????????????????????O(N)























??????????????????????VLO  O()???????VNLO  O(2)
?????????????????????????????? (VNNLO  O(3))??




































































































































































dDx1    dDxn  (n)i1; ;in(x1;    ; xn)'i1(x1)   'in(xn): (A.1)
?????????????????????????'???????????????
???????????'1 = H?'2 = Si?'3 =W a?'4 =  L???????????
????????????????????? ['(x)]???????????????
?O(N)?? '! GSMO(N) '???????
















i1; ;in (x1;    ; xn) : (A.2)
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??????????? 1PI??????????? H ? HS ??????????
????????y1????? (n;0;0)i1; ;in ?? 'i1 ;    ; 'in ?????? n???????































???HS ???????? v2???? 1????????????????????



































y1 ????????? 1PI??????????? (a; b)?????????????????????
???????????????????

































?????????????LO??? (a; b; k;m) = (0; 1; 0; 0)???? 2a+b+2k+m = 1




















????Ys  ns=s?Y EQs  nEQs =s????? si?????????????? s???













1:2211  1019 GeV ????????Planck mass????????? Y EQs ? xs ??
?????????????????













3=2e xs for xs  3 : (B.4)




? xs & 3???xs????
hsisi!XXvi  s0 + s1xs 1 + : : : for xs & 3 (B.5)
??????????? 1?? s0?????????????????????????
?? s0?????????????????
sisi!XXvjs=4ms2+ms2v2 = s0 + (powers in v2) : (B.6)
81
????????? s0????????????


























































s0????????????????????? v??????? i(s; ms2)????
v = 2i(s; ms
2)??????????
?? [53]??????????freeze-out temperature?xsf????????????































ns0 = s0Ys1 = 2970Ys1 cm 3
















C0 = 1:0538 10 5h2 GeV  cm 3 ; (B.15)
h = 0:673 ; (B.16)
s0 = 2891cm
 3 (B.17)
?????????????????????????????xs = xsf??? g = gS =



































































???1=  1= +ln 4?????????????????????Euler-Mascheroni
constant???????m12 = m22????????????Bi(p2;m2) (i = 0; 1)??
?Bi(p2;m2;m2)????????????B0????????????????
B0(p
2;m2) B0(q2;m2) = f(q2=m2)  f(p2=m2) : (C.7)
???
f(z) = 2 +
Z 1
0








for 0 < z < 4 ;









  i (z   4) for z < 0 or z  4
(C.8)
























































??? 3.11?? 3.12???? (i)?(ii)?(iii)????????????????????


































 4t2u  s34(1  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